Aims Bromocriptine is thought to facilitate left ventricular (LV) recovery in peripartum cardiomyopathy (PPCM) through inhibition of prolactin secretion. However, this potential therapeutic effect remains controversial and was incompletely studied in diverse populations.
Introduction
Peripartum cardiomyopathy (PPCM) is a potentially disabling cardiomyopathy affecting women in the puerperal period. It is distinctively triggered by 16 kDa prolactin, an antiangiogenic fragment resulting from the cleavage of the nursing hormone prolactin. 1, 2 Bromocriptine is a central dopamin-D2-receptor agonist that counteracts the inflammatory cascade triggered by the secretion and cleavage of prolactin. 3 In a pilot trial from South Africa, bromocriptine for 8 weeks substantially reduced mortality compared with placebo in new-onset PPCM. 4 While encouraging, results from this trial were offset by a small sample size (n = 20) and concern over external generalizability, notably because of the high mortality rate (40%) recorded in the control group. 4 To this day, the adoption of bromocriptine as a legitimate option in the therapeutic armamentarium for PPCM has varied greatly across the world, ranging from 67% in Germany to 1% in the USA. [5] [6] [7] More recently, Hilfiker-Kleiner et al. found no difference in left ventricular ejection fraction (LVEF) recovery at 6 months when comparing a short (2.5 mg for 7 days) and long (5 mg for 2 weeks and then 2.5 mg for 6 weeks) course of bromocriptine (n = 63). 8 This trial was informative for favourable outcomes and the relative safety of bromocriptine in PPCM, but because of the lack of a control group without bromocriptine, the efficacy conundrum was left incompletely solved. The cumulative body of evidence from clinical trials and observational studies assessing the effect of bromocriptine on outcomes remains scarce, and to our knowledge, no data from America have been published on this specific topic. 4, [6] [7] [8] [9] In the absence of more evidence, many women with PPCM are not currently receiving this affordable, easily accessible, and possibly life-saving treatment. Thus, the present study sought to assemble a population-based cohort of women with PPCM across Quebec in order to assess the effect of adding bromocriptine to standard medical therapy on left ventricular (LV) functional recovery and clinical outcomes.
Methods

Study population
We performed a retrospective cohort study by screening the administrative records of 17 independent medical centres, which integrally covered the hospital networks of all four Faculties of Medicine in the Province of Quebec, Canada (Université de Montréal, Université de Sherbrooke, Université Laval, and McGill University; see the Appendix for details). Methodological details have been published previously. 10 Briefly, consecutive women hospitalized between 1 January 1994 and 31 December 2015 who displayed the International Classification of Disease 9 and 10 codes for [peripartum cardiomyopathy (674.5 À O90.3)] or [diseases of the circulatory system (390-459 À I00-I99) + pregnancy, childbirth, and the puerperium (630-679 À O00-O9A)] in their discharge abstract summary were screened as possible cases of PPCM.
Women were included if they fulfilled the PPCM diagnostic criteria by the National Heart, Lung and Blood Institute and National Institutes of Health, defined as (i) development of cardiac failure in the last month of pregnancy or within 5 months of delivery, (ii) absence of an identifiable cause for cardiac failure, (iii) absence of recognizable heart disease prior to the last month of pregnancy, and (iv) LV systolic dysfunction. 11 Although a more recent definition by the European Society of Cardiology states that LVEF is nearly always reduced <45% in PPCM, any below-normal value of LVEF (<54%) satisfied inclusion criteria in this study. 3, 12 In the event of recurrence of PPCM in subsequent pregnancies during the study interval, patient characteristics were derived from the first pregnancy associated with PPCM.
A multicentric approval was granted by the Montreal Heart Institute Ethics Review Board. As this was a retrospective analysis conducted in conformity with institutional guidelines for data security and privacy, a waiver of consent was granted. The study was initiated, designed, and conducted by cardiology fellows in compliance with the published Collectively Operated Fellow-initiated Research principles.
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Data collection and follow-up
Baseline characteristics and study-specific information at index hospitalization and during follow-up were abstracted from medical records by trained investigators in a dedicated database. Data collected included obstetrical, clinical, biochemical, pharmacological, and echocardiographic variables. Duplicate and parallel medical records (in the case of a transfer between institutions) were chronologically reconciled and harmonized using a unique health identification number.
Values of LVEF were abstracted from transthoracic echocardiography reports at baseline, 6 months after diagnosis, and up until the last available echocardiograms thereafter. As per the American Society of Echocardiography guidelines adapted for the epoch, 12 LVEF was calculated using the modified Simpson's discs summation rule or the wall motion score index (normal range for women, 54-74%). Other echocardiography parameters including LV end-diastolic diameter, mitral and tricuspid regurgitation, estimated pulmonary artery systolic pressure, and presence of pericardial effusion were recorded at baseline.
Patient classification
Guideline-directed medical therapy for heart failure was defined according to the national guidelines prevailing at the time of diagnosis. 13 Advanced therapies included implantable cardioverter defibrillator (International Classification of Disease), cardiac resynchronization, mechanical circulatory support, and heart transplantation. The decision to treat patients with bromocriptine as an adjunct to guideline-directed medical therapy was left at the discretion of the treating physician. Patients were classified as bromocriptine (as opposed to no bromocriptine) if treated with bromocriptine during their index hospitalization, at the intended dosage of 2.5 mg twice daily for 2 weeks followed by 2.5 mg daily for 6 weeks. 4 Patients classified as no bromocriptine did not receive any bromocriptine during their disease course.
Endpoints and definitions
The primary endpoint was the variation of LVEF from baseline to 6 months (mid-term) and to longest available follow-up (long-term) between patients treated and not treated with bromocriptine. The secondary endpoint was the combined occurrence of all-cause death and heart failure events. Heart failure events were defined as per the 2014 ACC/AHA Key Data Elements and Definitions for Cardiovascular Endpoint Events in Clinical Trials.
14 Among heart failure events, the following death surrogates resulting from end-stage heart failure were included: heart transplantation, extracorporeal membrane oxygenation, ventricular assist device implantation, and resuscitated cardiac arrest.
Statistical analyses
Continuous variables are presented using mean ± standard deviation or median (interquartile range) and were compared using the t-test or Wilcoxon rank-sum test according to the normality of distribution. Categorical variables are presented as frequencies (percentages) and compared using either χ 2 or Fisher's exact tests, as appropriate.
To compare the effect of bromocriptine on LVEF variation from baseline to 6 months and from baseline to last available follow-up, a random growth model was chosen (instead of a repeated measures analysis of variance) because of its ability to use time as a continuous variable and thus to account for irregular time frame between baseline and follow-up visits among subjects. An interaction term between the time effect and the treatment group effect was added to the model in order to test the possible difference in LVEF recovery between subjects treated and not treated with bromocriptine. As an exploratory analysis, we thereafter conducted an analysis of covariance (ANCOVA) on the change in LVEF from baseline to 6 months adjusted for LVEF at baseline to assess whether it modulated response to bromocriptine.
To determine the predictors of LVEF recovery from baseline to 6 months, univariable and multivariable linear regression models were produced. All variables presented in Table 1 , including treatment with bromocriptine, were prespecified candidates. They included maternal age; multiparity; single vs. multiple gestation; timing of PPCM diagnosis in relation to delivery; co-morbidities; previous resolved myocarditis; complications of pregnancy such as hypertensive disease and pre-eclampsia; clinical, biochemical, and echocardiography parameters at diagnosis; and heart failure medication at discharge. Ethnicity was recorded as a baseline characteristic but not considered in multivariable models because of incomplete reporting in medical records. Variables significant at the 0.2 level in univariable analyses were included in the stepwise selection process of a multivariable model.
To verify the robustness of our findings, a series of prespecified sensitivity analyses were conducted to assess the impact of missing LVEF measures on results. We conducted a worse-case scenario analysis where women who experienced death or a death surrogate were imputed an LVEF follow-up value of 0%. In those for whom no echocardiographic follow-up was available but who did not die, we factored no improvement (change of 0%) and thus carried forward the LVEF measurement at baseline. This worse-case scenario cohort was used as sensitivity analyses to corroborate results from the random growth analysis, ANCOVA, and univariable and multivariable linear regression models, as described above.
Kaplan-Meier curves and the log-rank test were used to illustrate and compare freedom from the combined endpoint of all-cause death or heart failure events in those treated and not treated with bromocriptine. Univariable predictors of allcause death or heart failure events were assessed using Cox regression models, after verifying proportionality assumptions. Because of the small number of events, multivariable models were not attempted. The list of univariable candidate predictors is the same as above.
Two-tailed P-values < 0.05 were considered statistically significant, and no correction or adjustment was used or done for multiple testing. Data analyses were performed using SAS software (version 9.4, SAS Institute, Cary, NC, USA).
Results
Population characteristics
A total of 76 consecutive women diagnosed with PPCM were included in this study, of whom eight (11%) had bromocriptine initiated during their index hospitalization. Baseline characteristics were similar between patients treated and not treated with bromocriptine, with noticeable exceptions (Tables 1 and 2 ). While the rates of pregnancy-related complications were similar, women treated with bromocriptine were sicker with lower blood pressure, lower LVEF, but smaller left ventricular end diastolic diameter at baseline. At discharge, >80% of patients of both groups were treated with beta-blockers and inhibitors of the renin-angiotensin system. Ethnicity was specified only if not Caucasian in medical records. Assuming this general rule, there were 1 (13%) and 17 (25%) women of African heritage in those treated and not treated with bromocriptine, respectively (P = 0.43).
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Effect of bromocriptine on left ventricular functional recovery
Women treated with bromocriptine experienced a better recovery of their LV function compared with those not treated with bromocriptine, expressed as a change in LVEF from 23 ± 10% at baseline to 55 ± 12% at 6 months in women treated with bromocriptine compared with a change from 30 ± 12% at baseline to 45 ± 13% at 6 months in controls (P interaction < 0.01) (Figure 1) . Similarly, last available LVEF values were higher in women treated with bromocriptine vs. those not treated with bromocriptine (56 ± 4% vs. 47 ± 14%, respectively; P interaction < 0.01).
In the sensitivity analyses, LVEF was imputed in 9 (12%) and 22 (29%) women at 6 months and at long-term follow-up, respectively. In this analysis, the LV functional recovery remained better in women treated with bromocriptine, with P interaction <0.01 both at 6 months and at longest available follow-up. Further, the determinants for LV functional recovery in PPCM were investigated ( Figure 2) . After multivariable adjustment, bromocriptine remained associated with LVEF improvement at 6 months [β coefficient (standard error), 14.1 (4.4); P = 0.03]. The worse-case scenario analysis yielded stable findings, although bromocriptine use was associated with only a trend towards better LVEF recovery at 6 months [β coefficient (standard error), 10.3 (6.0); P = 0.09].
Effect of bromocriptine on outcomes
Patients were followed up for a median duration of 25 (61) months, providing a total of 285 patient-years of information available for the survival analysis. Follow-up information beyond 1 year was available for 54 (71%) patients. Crude and time-specific Kaplan-Meier estimates of occurrence of the clinical endpoint are shown in Table 3 . Outcomes occurred in a similar proportion of patients between groups. The survival analysis showed no significant association between freedom from the combined clinical endpoint and bromocriptine use ( Figure 3) .
The univariable predictors of the combined occurrence of clinical endpoints are presented in Table 4 . Bromocriptine was not associated with the combined occurrence of allcause death and heart failure events (univariate hazard ratio [95% confidence interval], 1.18 [0. .31]; P = 0.88). For the whole cohort, the median time from baseline to 6 months and from baseline to longest available follow-up was 6 (3) months and 25 (61) months, respectively. P-values were derived from the random growth model performed on the complete-case cohort, representing the slope of the variation in LVEF over time. Women for whom both LVEF follow-up values were missing (n = 9) were excluded from this plot, among whom two women had death surrogates before the 6 month follow-up (heart transplant and left ventricular assist device implantation). The total number of LVEF values available in patients free of death, heart transplant, or left ventricular assist device was 76 at baseline, 66 at 6 months, and 61 at last follow-up. LVEF, left ventricular ejection fraction; PPCM, peripartum cardiomyopathy.
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Discussion
In this analysis, bromocriptine was found to be associated with a significantly greater LV functional recovery both at 6 months and at long-term follow-up in women with new-onset PPCM. Women not treated with bromocriptine exhibited a higher burden of LV dysfunction at long-term. In this series, the use of bromocriptine was not associated with improved clinical outcomes, such as all-cause death and heart failure events. Our findings have important clinical implications because this study is the first to report an association between bromocriptine and LV functional recovery in North America.
In their pilot randomized trial, Sliwa et al. were the first to show the therapeutic potential of bromocriptine in South African women with PPCM by observing a mortality benefit with the molecule. 4 A subsequent observational PPCM cohort from Germany found a greater proportion of women exposed to bromocriptine among those who improved their LVEF by 10% or more (59/82; 72%) compared with non-improvers (5/14; 36%), but these analyses were unadjusted. 6 The IPAC (Investigations of Pregnancy-associated Cardiomyopathy) cohort, which prospectively observed 100 women with PPCM, reported no data on bromocriptine as the drug is seldom used for this indication in the USA. Interestingly, they found similar rates of LV functional recovery among women who did and did not breastfeed, suggesting that sustained prolactin secretion may in fact not always be deleterious in PPCM.
More recently, Hilfiker-Kleiner et al. 8 published a randomized trial that found no significant difference in LVEF recovery between shorter and longer courses of bromocriptine. The authors postulated that the high magnitude of LV functional recovery in both groups was attributable to bromocriptine. This postulate is concordant with the observation that the mean variation in LVEF from baseline to 6 months (+32%) observed by both the HilfikerKleiner et al. study and our study numerically exceeds the variation observed by the IPAC investigators (+16%) and by us (+15%) among control women not exposed to bromocriptine.
In this investigation, missing follow-up data on LVEF required validation with worse-case scenario sensitivity analyses, which revealed consistency in the associations found with complete-case analyses. However, as an independent predictor of LVEF recovery, bromocriptine yielded only a trend (P = 0.09) in the worse-case scenario cohort, as opposed to a significant effect (P = 0.03) in the complete-case analysis, emphasizing that the interpretation of our results must remain hypothesis generating. Nevertheless, our study substantiates prior observations by showing a persistent association between bromocriptine and LV functional recovery after multivariable adjustment for guideline-directed medications such as beta-blockers, angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, and mineralocorticoid antagonists. If one accepts the relative safety of bromocriptine when proper thromboprophylaxis is used, 8 and in particular cases where breastfeeding is neither essential to the well-being of the offspring nor desired by the family unit, then the potential benefits of bromocriptine in PPCM deserve consideration in dedicated controlled trials. Different initiatives in these regards are currently underway, including a multicentre, randomized, and controlled (bromocriptine vs. no bromocriptine with breastfeeding allowed) trial in Canada (ClinicalTrials.gov, study number: NCT02590601).
In our series, bromocriptine was more frequently used in sicker women with lower LVEF, lower blood pressure, higher heart rate, and higher lactates at baseline. As low LVEF at baseline allows for a numerically greater improvement during follow-up, our results may have been confounded by a regression to the mean bias. To minimize the scale of this possible bias, we performed a series of multivariable and sensitivity analyses, including an ANCOVA where the change in LVEF from baseline to 6 months was adjusted for the LVEF at baseline. In the latter analysis, a lower LVEF at baseline was associated with a significantly greater effect of bromocriptine (P interaction < 0.01), but this association remains uncertain as the interaction was no longer significant with the worse-case sensitivity analysis (P = 0.53). The complex interaction between bromocriptine and LV function recovery needs to be interpreted in the light of previous reports consistently showing lower recovery rates among women with severely depressed LVEF at baseline. 5, 6, 15 Potential reasons for this impediment to recovery include a greater burden of myocardial fibrosis, as suggested by cardiac Figure 3 Kaplan-Meier estimates: cumulative incidence of all-cause death and heart failure events in women treated and not treated with bromocriptine. The cumulative incidence of the combined clinical endpoint was similar in women treated and not treated with bromocriptine (P = 0.88). 16 Rather than waiting until severe LV dysfunction has occurred before initiating bromocriptine, its use early in the disease process could limit the extent of persistent damage, if one conceives that prompt inhibition of prolactin release is foremost. However, while cleaved 16 kDa prolactin likely reunites all subsets of PPCM phenotypes, molecular studies suggest that further hits are needed to develop heart failure in the peripartum period. 2, 17 Proposed additional hits include pre-existing genetic mutations conferring myocardial susceptibility and other modulators of angiogenic balance such as pre-eclampsia-related sFLT-1 secretion, microchimerism, immune activation, and stress-activated cytokines. 1, 2, 17, 18 Therefore, solely addressing prolactin secretion may not be sufficient to restore cardiac homeostasis in all patients and may explain why some women exhibited mild residual LV dysfunction despite treatment with bromocriptine in our cohort.
Limitations
The present study is a retrospective analysis of observational data, and unknown confounders and biases may have affected the complex interplay between bromocriptine, LV functional recovery, and outcomes. To minimize this, we adjusted for key variables known to affect LV function and performed sensitivity analyses. PPCM is a rare disease, and the field invariably remains limited by low numbers; despite having >75 patients, our sample size remains modest. Of note, because of the rarity of series reported in the world, proper external validation of our findings in an independent dataset remains difficult at this time. Because of incomplete reporting in source documentation, the ethnic background could not be adjusted for in multivariable analyses. For these reasons, extrapolation of our results to other populations should be made with caution, as ethnicity is known to be related to prognosis. 19, 20 Other variables such as atrial dimension, diastolic function, use of heparin at prophylactic doses, presence of LV thrombus, and incidence of stroke were not recorded. Additionally, the dose and compliance to bromocriptine outside of hospital was not monitored, and we could not ascertain the actual duration of treatment beyond what was intended and prescribed at hospital discharge. Likewise, the breastfeeding status, which could potentially influence endpoints, was not recorded. Because of confidentiality issues, the health of newborn babies could not be investigated. Finally, as our series covers 20 years of experience with PPCM, heart failure management has changed significantly throughout this period. However, drugs and intervention known to improve survival were reasonably well distributed at baseline between groups and were adjusted for in multivariable analyses. 13 The rate of mineralocorticoid antagonist use was <15% in both groups at discharge, which can presumably be explained by initiation of this medication as an outpatient basis, although this was not specifically assessed.
Conclusions
In this multicentre, retrospective study encompassing 76 women with newly diagnosed PPCM, treatment with bromocriptine was independently associated with better LV functional recovery, compared with treatment with standard medical treatment alone. Recognizing limitations related to the non-randomized design, this study may influence clinical management of PPCM by increasing the role of bromocriptine in specific circumstances where the potential to bolster mid-term and long-term LV functional recovery would outweigh breastfeeding benefits. Additional controlled trials will help determine the precise role of bromocriptine in PPCM therapeutics.
